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FAN SPEED CONTROLLER 



BACKGROUND OF THE INVENTION 

[0001] Referring to Figure 1 A, a block diagram of a fan speed controller for 
controlling the operating speed of a fan 190, according to the prior art, is shown. The fan 
190 is typically utilized to cool electronic devices that include, but are not limited to, 
computers, game consoles, microprocessors, graphics processor and the like. The cooling 
circuit includes a pulse width modulation (PWM) generator 1 10, a drive transistor 145 and a 
fan 190. The speed of the fan 190 is controlled by a PWM signal (V PWM ) generated by the 
PWM generator 110. 

[0002] An exemplary PWM generator 1 10 includes a reference voltage generator 
1 15, an operational amplifier 120, a comparator 125 and a signal generator 130. The 
operational amplifier 120 receives a feedback signal (V FB ) (e.g., fan speed signal, 
temperature signal or the like) and the reference voltage (V REF ) generated by the reference 
voltage generator 115. The operational amplifier 120 generates a control signal (V CO ntrol) 
having a voltage that is a function of the difference between the feedback signal (V FB ) and 
the reference voltage (V^p). The signal generator 130 generates a signal having a repetitive 
wave form (V RWF ) (e.g., sawtooth or the like). The comparator 125 receives the control 
signal (V C0N trql) aiK * the repetitive wave form signal (V RWF ). As depicted in Figure IB, 
the comparator 125 generates the PWM signal (V PWM ) (e.g., a periodic rectangular wave) as 
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a function of the relative difference between the control signal (Vcontrol) an( * the 
repetitive wave form signal (V RWF ). The output of the comparator 125 is at a first state (e.g., 
"on") when the repetitive wave form signal (V RWF ) is less than the control signal 
(^CONTROL)- The output of the comparator 125 is at a second state (e.g., "off") when the 
repetitive wave form signal (V RWF ) is greater than the control signal (V CO ntrol)- Thus, 
the duty cycle of the PWM signal (V PWM ) is a function of the feedback signal (V FB ). 

[0003] The switching speed of the PWM signal is typically a few tens of Hertz 
(Hz), which is in the audible frequency range (e.g., 20-20,000 Hz). The PWM signal 
( V PWM) controls the switching of the drive transistor 145. The drive transistor 145 is on 
during the duty cycle of the PWM signal (V PWM ). Accordingly, a drive current flows 
through the fan 190. The longer the duty cycle in a given period, the longer the fan 190 is 
driven. The operating speed of the fan 190 increases the longer the fan 190 is driven. 

[0004] Referring now to Figure 1C, timing diagrams of exemplary PWM signals 
(VpwM) are shown for controlling fan speed. The PWM signals (Vp^M) are composed of 
rectangular pulse trains having a constant period (T). The duration of the duty cycle (t on ) is 

varied to control the operating speed of the fan 190. The operating speed of the fan 190 is a 
function of the duty cycle of the PWM signal (Vp^^j) while the frequency remains constant. 

For example, the fan 190 is operated at a slow speed by applying a PWM signal (V PWM ) 

having a relatively short duty cycle 192. The fan 190 is operated at a fast speed by applying 
a PWM signal (Vp^^) having a relatively long duty cycle 196. 
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[0005] Direct PWM fan speed control is advantageous because relatively high 
efficiencies can be achieved, e.g., energy supplied to the fan divided by the input energy can 
be 85% or more. However, direct PWM fan speed control is problematic in that the fan 190 
may emit audible noise as a result of the time varying drive current through the fan 190. 

[0006] To avoid the audible noise, direct current (DC) regulation may be utilized 
to drive the fan. Referring now to Figure 2A, a block diagram of another fan speed controller 
205, according to the prior art, is shown. The linear voltage fan speed controller 205 
includes an analog voltage generator 270 and an amplifier 275. The analog generator 270 
generates a linear voltage having a varying voltage level. The linear voltage is amplified by 
an amplifier 275 before driving the fan 290. It is appreciated that the amplifier 275 may be 
integral to the analog voltage generator 270. As depicted in Figure 2B, the speed of the fan 
290 is a function of the voltage level of the linear voltage generated by an analog voltage 
generator 270. For example, the fan 290 is operated at a slow speed by applying a linear 
voltage having a relatively low voltage level 292. The fan 290 is operated at a fast speed by 
applying a linear voltage having a relatively high voltage level 294. 

[0007] Driving the fan 290 with a linear voltage reduces the fan noise. However, 
amplification of the linear voltage results in relatively high losses as compared to direct 
PWM fan speed controllers. The efficiency of a linear controlled fan is defined as output 
voltage over input voltage (V^/Vqut)- Th us > the slower the fan (e.g., lower output voltage) 
the lower the efficiency, because the input voltage is constant. Usual regulation ranges can 
result in efficiencies of about 50% to 75%. 
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[0008] Referring now to Figure 3, a block diagram of another fan speed controller 
305, according to the prior art, is shown. The fan speed controller 305 includes a PWM 
generator 310, a low pass filter (e.g., resistor-capacitor (RC) circuit) 320 and an amplifier 
330. The speed of the fan 340 is controlled by low pass filtering a PWM signal to generate a 
linear voltage. The voltage level of the linear signal is a function of the duty cycle of the 
PWM signal. For example a relatively low voltage level is generated by RC low pass filtering 
a PWM signal having a relatively short duty cycle. A relatively high voltage level is 
generated by RC low pass filtering a PWM signal having a relatively long duty cycle. 

[0009] Driving the fan 390 with a linear voltage reduces the fan noise. However, 
amplification of the linear voltage results in relatively high losses as compared to direct 
PWM fan speed controllers. The efficiency of a linear controlled fan is defined as output 
voltage over input voltage (Vusj/Vqut)- Thus, the slower the fan 340 (e.g., lower output 
voltage) the lower the efficiency, because the input voltage is constant. Usual regulation 
ranges can result in efficiencies of about 50% to 75%. 
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SUMMARY OF THE INVENTION 

[0010] Embodiments of the present invention are directed toward a fan speed 
controller. The fan speed controller generates a pulse width modulation signal. The pulse 
width modulation signal is utilized to switch mode convert a supply voltage into a linear 
voltage. The voltage level of the linear voltage is a function of the duty cycle of the pulse 
width modulation signal. The linear voltage is utilized to control the operating speed of a 
direct current fan. 

[0011] In one embodiment of the present invention, the fan speed controller 
includes a pulse width modulation generator and a drive stage. The drive stage includes a 
transistor, a diode, a capacitor and an inductor. The gate of the transistor receives the pulse 
width modulation signal generated by the pulse width modulation generator. The source of 
the transistor is electrically coupled to ground and the drain of the transistor is electrically 
coupled to the anode of the diode. The cathode of the diode is electrically coupled to a 
supply potential and a first terminal of the capacitor. The second terminal of the capacitor is 
electrically coupled to the first terminal of the inductor. The second terminal of the inductor 
is electrically coupled to the anode of the diode and the drain of the transistor. The linear 
voltage is generated across the capacitor. 

[0012] In another embodiment of the present invention, the drive stage includes a 
first transistor, a second transistor, a capacitor and an inductor. The gate of the first transistor 
receives the pulse width modulation signal generated by the pulse width modulation 
generator. The gate of the second transistor receives a compliment of the pulse width 
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modulation signal. The source of the first transistor is electrically coupled to ground and the 
drain of the first transistor is electrically coupled to the source of the second transistor. The 
drain of the second transistor is electrically coupled to a supply potential and a first terminal 
of the capacitor. The second terminal of the capacitor is electrically coupled to the first 
terminal of the inductor. The second terminal of the inductor is electrically coupled to the 
source of the second transistor and the drain of the first transistor. The linear voltage is 
generated across the capacitor. 

[0013] Accordingly, embodiments of the present invention reduce switching 
noise as compared to conventional PWM based fan speed controllers. The fan speed 
controller, in accordance with embodiments of the present invention, readily provides 
efficiencies (e.g., input power divided by power delivered to the fan) of 80-90%. The fan 
speed controller, in accordance with embodiments of the present invention, may be utilized 
to control the operating speed of electronic device cooling fans for instance. Exemplary 
electronic devices include, but are not limited to, computers, servers, game consoles, 
microprocessors, graphics processors and the like. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0014] The present invention is illustrated by way of example and not by way of 
limitation, in the figures of the accompanying drawings and in which like reference numerals 
refer to similar elements and in which: 

Figure 1 A shows a block diagram of a fan speed controller for controlling the 
operating speed of a fan, according to the conventional art. 

Figure IB shows a timing diagram illustrating generation of a pulse width modulation 
signal, according to the convention art. 

Figure 1C shows timing diagrams of exemplary PWM signals, according to the 
conventional art. 

Figure 2A shows a block diagram of another fan speed controller, according to the 
conventional art. 

Figure 2B shows timing diagrams of exemplary linear voltage signals, according to 
the conventional art. 

Figure 3 shows a block diagram of another fan speed controller, according to the 
conventional art. 
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Figure 4A shows a block diagram of a fan speed controller for controlling the 
operating speed of a fan, in accordance with one embodiment of the invention. 

Figure 4B shows a timing diagram illustrating the operation of the fan speed 
controller, in accordance with one embodiment of the present invention. 

Figure 5 shows a block diagram of a fan speed controller for controlling the operating 
speed of a fan, in accordance with another embodiment of the invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0015] Reference will now be made in detail to the embodiments of the invention, 
examples of which are illustrated in the accompanying drawings. While the invention will be 
described in conjunction with these embodiments, it will be understood that they are not 
intended to limit the invention to these embodiments. On the contrary, the invention is 
intended to cover alternatives, modifications and equivalents, which may be included within 
the spirit and scope of the invention as defined by the appended claims. Furthermore, in the 
following detailed description of the present invention, numerous specific details are set forth 
in order to provide a thorough understanding of the present invention. However, it is 
understood that the present invention may be practiced without these specific details. In 
other instances, well-known methods, procedures, components, and circuits have not been 
described in detail as not to unnecessarily obscure aspects of the present invention. 

[0016] Referring now to Figure 4A, a block diagram of a fan speed controller 405 
for controlling a direct current (DC) fan 490, in accordance with one embodiment of the 
invention, is shown. As depicted in Figure 4A, the fan speed controller 405 includes a pulse 
width modulation (PWM) generator 410 and a drive stage circuit 440. The fan speed 
controller 405 may further include a fan speed sensor (e.g., tachometer) 480, a thermal 
monitor (e.g., diode connected transistor) 485 or the like. The PWM generator 410 generates 
a PWM signal (Vp^j), e.g., a periodic rectangular wave, as a function of a feedback signal, 
e.g., a fan speed signal generated by the fan speed sensor 480 or a temperature signal 
generated by the thermal monitor 485. The duty cycle of the PWM signal (V^Wm) * s 
modulated as a function of the feedback signal to control the operating speed of the fan 490. 
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[0017] The drive stage circuit 440 converts the supply voltage (Vqc) t0 a li near 
voltage (Vpyy^f). The voltage level of the linear voltage (Vp^) is a function of the duty 
cycle of the PWM signal (V^wm)- ^ n one embodiment, the drive stage 440 includes a 
transistor 445, a diode 450, a capacitor 455 and an inductor 460. The PWM signal (Vp^^) 
from the PWM generator 410 is received at the gate of the transistor 445. The source of the 
transistor 445 is electrically coupled to ground potential (GND). The drain of the transistor 
445 is electrically coupled to the anode of the diode 450. The cathode of the diode 450 is 
electrically coupled to a supply potential (Vcc)- A first terminal of the capacitor 455 is 
electrically coupled to the cathode of the diode 450 and the supply potential (Vcc)- The 
second terminal of the capacitor 455 is electrically coupled to the first terminal of the 
inductor 460. The second terminal of the inductor 460 is electrically coupled to the anode of 
the diode 450 and the drain of the transistor 445. The linear voltage (VpanX f° r driving the 
DC fan 490, is generated across the capacitor 455. 

[0018] During the duty cycle of the PWM signal (Vpwm) * e transistor 445 is 
turned on. The diode 450 becomes reverse biased and the supply potential (Vqc) provides 
energy to the DC Fan 490 as well as the inductor 460. When the transistor 445 is turned off, 
the inductor current flows through the diode 450, transferring its stored energy to the DC fan 
490. Hence, the diode 450 is utilized to provide a conductive path (e.g., current shunt) for 
stored inductive energy. 
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[0019] In an exemplary implementation, for a DC fan 490 that operates from a 
linear voltage (Vp^jsj) of approximately 6- 12V and draws approximately 200 mA, the 
inductor 460 value and capacitor 455 value may be approximated as follows: At a linear 
voltage (Vpan) of 6V, the duty cycle of the PWM signal should be approximately 50%. If 
circuit losses are assumed to be approximately 10%, than the duty cycle of the PWM signal 
(VpwM) should be approximately 55%. In addition, the voltage across the diode 450 will be 

approximately 0V, assuming an ideal diode, when the transistor 445 is off. Thus, the voltage 
across the inductor (Vl) is given by Equation 1 : 

V L = -V FA N 0) 

The inductor ripple current should be small so that the inductor current is never zero. The 
drive stage 440 is operating in a continuous current mode when the inductor ripple current 
satisfies Equation 2: 

^.Ripple ^ 2 I FAN (2) 
The inductor current (II) and the inductor voltage (Vl) are given by Equation 3: 

di L /dt = V L /L (3) 

Therefore, when the transistor 445 is off, Equation 3 can be approximate to given Equation 4: 
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AI L /AT = |V L |/L 



(4) 



where AT = 0.45 T, T = 1//pwm> m d AIl = iL.Ripple- Herein, T is the switching period, 



/PWM * s * e switching frequency. By setting AIl = ^L.Ripple = ^Tp/^ Equation 4 can be 



solved for the inductor value L, as shown in Equation 5: 



L = (|V L |-AT) / AI L = (|V L 1-0.45-T) / (2-I FAN ) = (0.225|V L |) / ( I FAN • / PWM ) (5) 



The voltage across the inductor, assuming a linear voltage (Vp^N) of 6V, is approximately 
6V and the fan current is approximately 200 mA. If the switching frequency is 600 KHz, the 
inductor value is approximate 12 according to Equation 5. Changing the switching 
frequency will impact the inductor size. For example, the lower the frequency the higher the 
inductance value should be. 

[0020] In one embodiment, the capacitor 455 value is selected based upon the 
ripple current through the inductor and the ripple voltage for the fan. The voltage across the 
capacitor 455 is given by Equation 6: 



V C - V FAN.DC + V FAN.Ripple 



(6) 



The ripple voltage across the fan can be estimated according to Equation 7. 



V FAN.Ripple " ^.Ripple ' [ESRc +1/(4- /pwM C )l 



(7) 
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Assuming that the ripple current flows through the capacitor and not the fan, the ripple 
current through the inductor will be equal to the ripple current through the capacitor. Thus, 
the equivalent series resistance (ESR) value of the capacitor can be solved for according to 
Equation 8. 

ESRc<(0.1V FAN )/(2I FAN ) (8) 

In one embodiment, a small ceramic capacitor of approximately l|iF, 0805, 16V, X5R may 
be selected to provide the ESR^ value of less than 1.5 Ohm. 

[0021] Referring now to Figure 4B, a timing diagram illustrating the operation of 
the fan speed controller 405, in accordance with one embodiment of the present invention, is 
shown. As depicted in Figure 4B, an exemplary relationship between the feedback signal 
(Yfb)> the PWM signal (V PWM ) and the linear voltage (V FAN ) is illustrated. For example, 
as the operating speed of the fan, as represented by the solid line (V FB ), fluctuates about a 
desired operating speed, as represented by the dashed line, the duty cycle of the PWM signal 
( V PWM) increases and decreases accordingly. The linear voltage (V FAN ) for driving the fan 
increases or decreases according to increases and decreases in the duty cycle of the PWM 
signal (Vpwm)- As a result, the operating speed of the fan may be maintain at a desired 
speed. 



[0022] Referring now to Figure 5, a block diagram of a fan speed controller 505 
for controlling a direct current (DC) fan 590, in accordance with another embodiment of the 
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invention, is shown. As depicted in Figure 5, the fan speed controller 505 includes a pulse 
width modulation (PWM) generator 510 and a drive stage circuit 540. 

[0023] The PWM generator 5 1 0 generates a PWM signal (V PWM ) as a function 
of a feedback signal (Vpg). The PWM generator 510 includes a reference voltage generator 
515, an operational amplifier 520, a comparator 525 and a signal generator 530. The 
operational amplifier 520 receives a feedback signal (V FB ) (e.g., speed, temperature or the 
like) and the reference voltage (V REF ) generated by the reference voltage generator 515. The 
operational amplifier 520 generates a control signal (V CO ntrol) having a voltage that is a 
function of the difference between the feedback signal (V FB ) and the reference voltage 
(Vr£p). The signal generator 530 generates a signal having a repetitive wave form (V RWF ) 
(e.g., sawtooth or the like). The comparator 525 receives the control signal (V CO ntrol) anc * 
the repetitive wave form signal (V RWF ). The comparator 525 generates the PWM signal 
(VpWM) as a function of the relative difference between the control signal (V CO ntrol) anc * 
the repetitive wave form signal (V RWF ). The comparator 525 also generates a complement 
of the PWM signal (V PWM '). Alternatively, the complement of the PWM signal (V PWM ') 
may be generated by a separate inverter (not shown). 

[0024] The drive stage 540 converts (e.g., switch mode) the supply voltage (Vqc) 
to a linear voltage (Vp A ^). The voltage level of the linear voltage Q/yan) is a function of 
the duty cycle of the PWM signal (Vp^j). In one embodiment, the drive stage 540 includes 
a first transistor 545, a second transistor 550, a capacitor 555 and an inductor 560. The PWM 
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signal (Vpwm) fr° m ^ e PWM generator 510 is received at the gate of the first transistor 
545. The source of the first transistor 545 is electrically coupled to a ground potential 
(GND). The drain of the first transistor 545 is electrically coupled to the source of the 
second transistor 550. The gate of the second transistor 550 receives the compliment of the 
PWM signal (V^wm)- The drain of the second transistor 550 is electrically coupled to a 
supply potential (Vqc)- A first terminal of the capacitor 555 is electrically coupled to the 
drain of the second transistor 550 and the supply potential (Vqc)- The second terminal of 
the capacitor 555 is electrically coupled to the first terminal of the inductor 560. The second 
terminal of the inductor 560 is electrically coupled to the source of the second transistor 550 
and the drain of the first transistor 545. The linear voltage (Vp^N), for driving the DC fan 
590, is generated across the capacitor 555. 

[0025] During the duty cycle of the PWM signal (V PWM ), the first transistor 545 
is turned on and the second transistor 550 is turned off. The supply potential (Vqc) provides 
energy to the DC Fan 590 as well as the inductor 560. When the PWM signal (V PWM ) is 
low, the first transistor 545 is turned off and the second transistor 550 is turned on. The 
inductor 560 current, therefore, flows through the second transistor 550, transferring its 
stored energy to the DC fan 590. Hence, the second transistor 550 is utilized to provide a 
conductive path (e.g., current shunt) for stored inductive energy. 

[0026] In an exemplary implementation, the operating frequency (/pwm) of the 
PWM signal (V PWM ) is approximately 200-1,000 KHz. The inductor 560 is approximately 
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1-500 nH and the capacitor 555 is approximately 0.1-50 \i¥. The linear voltage (V FAN ) has 

a voltage range of between one half the maximum operating fan voltage (e.g., 2. 5-25 V) up to 
the maximum operating fan voltage (5-50V), in one embodiment. 

[0027] Accordingly, embodiments of the present invention provide an improved 
fan speed controller. The improved speed controller readily reduces switching noise as 
compared to conventional PWM based fan speed controllers. The improved speed controller 
readily provides efficiencies (e.g., input power divided by power delivered to the fan) of 80- 
90%. The fan speed controller, in accordance with embodiments of the present invention, 
may be utilized to control the operating speed of electronic device cooling fans. Exemplary 
electronic devices include, but are not limited to, computers, servers, game consoles, 
microprocessors, graphics processors and the like. 

[0028] The foregoing descriptions of specific embodiments of the present 
invention have been presented for purposes of illustration and description. They are not 
intended to be exhaustive or to limit the invention to the precise forms disclosed, and 
obviously many modifications and variations are possible in light of the above teaching. The 
embodiments were chosen and described in order to best explain the principles of the 
invention and its practical application, to thereby enable others skilled in the art to best utilize 
the invention and various embodiments with various modifications as are suited to the 
particular use contemplated. It is intended that the scope of the invention be defined by the 
Claims appended hereto and their equivalents. 
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